We have constructed single-stranded, M13-based vectors that contain a specifically located thyminethymine pyrimidine-pyrimidone(6-4) UV photoproduct and have used these to estimate the frequency and accuracy of DNA replication past this adduct in uvrA6 cells of Escherichia coli. Both the normal and the Dewar valence photoisomer of the (6-4) adduct were studied. In the absence of SOS induction, vectors carrying the photoproducts were rarely replicated; relative to the lesion-free control, 1.9% of vectors carrying the normal (6-4) isomer produced plaques, and with the Dewar valence isomer the proportion was 0.4%. In SOS-induced cells, these frequencies rose to 22.1% and 12.3%, respectively. The error frequency of replication past the normal isomer in SOS-induced cells was high; in a random sample of 185 progeny phage analyzed, 169 (91%) contained mutations, all of which were targeted. Equally striking, a high proportion of the mutations (158/169; 93%) were of only one type, namely 3' T C transitions. Both the error frequency and the specificity were much reduced with the Dewar valence isomer; overall, 74/140 (53%) of the phage analyzed were mutant, and of these only 34 (46%) entailed the 3' T -+ C transition. We speculate that the high error frequency and specificity arise from the formation of a stable TOG base pair, involving hydrogen bonds at 0-2 and N-3 in the pyrimidone ring. Potential hydrogen bonds at these sites are coplanar in the normal but not in the Dewar isomer, perhaps explaining the reduced specificity of mutagenesis with the latter adduct.
Irradiation of DNA with germicidal UV light produces a variety of photoproducts, the chief of which are the cyclobutyl dipyrimidines (dimers) and the pyrimidine-pyrimidone(6-4) adducts (1, 2) . We were interested in studying the thymine-thymine (6-4) adduct [5-hydroxy-6-4'-(5'-methylpyrimidin-2'-one)-thymine] as an example of the latter type of photoproduct, for two reasons. (i) We anticipated that it might provide insights into the mechanism determining base selection during translesion synthesis-that is, during chain elongation past the site of a template lesion-and, in general, help in understanding the relation between the structure of a lesion and its mutagenic potential. Previous experiments with cis-syn (3, 4) and trans-syn (5) cyclobutane dimers, and also with abasic sites (6) , each located at a T-T site in the same sequence context, suggested that the UV photoproducts often form correct A'T base pairs during translesion synthesis, and that when mutations occur, they might result from base mispairing. We were therefore interested to examine other lesions for evidence of such correct or aberrant base pairing. (ii) We wished to study the T-T (6-4) adduct because ofconflicting conclusions concerning the relative proportions of mutations induced by dimers and adducts in Escherichia coli. Although adducts are collectively 5-to 10-fold less abundant than dimers in UV-irradiated DNA, some evidence (7) (8) (9) 25) suggests that they are responsible for the majority of induced mutations. Other evidence, however, indicates that dimers are the major mutagenic lesion (10, 11) . Because both types of evidence are essentially indirect, a more direct determination was desirable.
To examine these questions, we have constructed a singlestranded vector, based on M13mp7, which carries a specifically placed T-T (6-4) adduct. Vectors carrying the normal isomer of this photoproduct (Fig. 1, isomer 1 ; ref. 12 ) were made and also those containing the Dewar valence photoisomer ( Fig. 1, isomer 2 ; refs. 13 and 14) . Photoproducts were placed within the same sequence context and vector as that used in previous work to allow an exact comparison with the earlier results from cyclobutane dimers and abasic sites (3) (4) (5) (6) . Such vectors are useful not only because they provide data specific to the particular photoproduict in question but also because they can give estimates of the three parameters that jointly determine the mutagenic potential of the lesion, namely, the frequency and the error rate of translesion synthesis and the mutation spectrum; these parameters constitute the basic biological properties of the lesion. We find that the (6-4) adduct is extremely mutagenic (error frequency >91%) in SOS-induced cells and highly specific with regard to the mutations induced; >93% of the mutations were 3' T C transitions.
MATERIALS AND METHODS
Production and Purification of il-mer Containing Adduct. Isomer 1 of T-T (6-4) adduct was introduced into the li-mer 5'-GCAAGTTGGAG-3' by irradiating batches of 50
Ag of purified li-mer in 500 ,p1 of water, spread as a film or in small droplets in a 5-cm glass Petri dish, with 150 kJ/m2 of 254-nm UV, at a fluence rate of -16 J/m2/s. Dishes were covered with polyethylene film (85% transmittance at 254 nm) during irradiation, to reduce evaporation. The source of UV was a bank of 40 G8T5 germicidal UV tubes (General Electric), with a tube-to-dish distance of 100 cm. T-T (6-4) photoproduct-containing11-mer was separated from other photoproducts and the parental species by HPLC, using a Waters radial compression Novapak C18 reversed-phase column and a linear gradient of 7-9% (vol/vol) acetonitrile in 0.1 M triethylammonium acetate (pH 7.0) for the first 20 min, followed by a linear gradient from 9-11% acetonitrile over the next 10 min, and a final linear gradient from 11-70%o acetonitrile over an additional 5 min, in each case at a flow rate of 1 ml/min. Detection of the (6-4) photoproduct wasfacilitated by simultaneously monitoring absorbance at 260 nm and 325 nm, using a Waters model 490 multiwavelength detector; unlike other major photoproducts, isomer 1 of the adduct has an absorbance maximum at the longer wavelength (1) . Oligomer in collected samples was recovered by evaporation to dryness, repurified at least twice by the same method, treated with kinase as described in ref. 5 , and again purified as before. Samples containing the unmodified parental species were also collected and purified in the same way to provide material for the construction of control vectors. Purified oligomer in water was stored at -200C.
Oligomer with the Dewar valence isomer of the (6-4) adduct (isomer 2) was produced by exposing thin glassvials containing up to 10ug of11-mer carrying isomer 1 in 100 IL1 of water to 11 MJ/m2 of radiation from fluorescent sunlamps (FS40; Westinghouse) filtered through 0.005-inch (1 inch = 2.54 cm) polyester film (Comcographics, Philadelphia). The polyester film was changed after half the fluence had been delivered because longer exposure reduced transmittance at the effective wavelengths (315-330 nm). Samples of purified lesion-free11-mer were also exposed to 11 MJ/m2 of sunlamp radiation for use as a control. Irradiated samples of both kinds were purified once by the HPLC method described above. The exposure necessary for conversion of isomer 1 to isomer 2 was monitored by determining the ODmo/OD325 ratio because isomer 2 loses the absorbance maximum at 325 nm (13) . Chromatograms of control 11-mer exposed to 11 MJ/m2 showed no evidence of induced photoproducts, but additional peaks were found after exposure to higher fluences.
Other Procedures. Vectors were, for the most part, constructed by the method of Banerjee et al. (3, 5) . In some of the later experiments, a 2.5-fold molar excess of anti-51-mer, the complement of the scaffold, was added to the ligation mix before denaturation to prevent reannealing of the scaffold to the vector molecules.
RESULTS
Experimental Method. Vectors carrying a specifically located T-T pyrimidine-pyrimidone(6-4) adduct (or the lesionfree control sequence) were constructed in two stages: (i) li-mer containing the adduct at a central T-T site was isolated from oligomer irradiated with 254-nm UV and (it) the modified ll-mer was inserted at a specific site into the singlestranded vector M13mp7L1 by the method of Banerjee et al. (3, 5) . Measured amounts of these vectors were transfected into competent cells of SMH1O, a uvrA6 derivative ofAB1157 (5), which were either irradiated with 4 J/m2 to induce the SOS regulon or were unirradiated. The transfection efficiency of the lesion-containing vector, relative to the control construct, was determined by counting plaques, and the DNA sequence ofphage from a randomly taken set of plaques was analyzed. Single-stranded vectors were used because their transfection efficiencies are likely to be a direct measure of the frequency of translesion synthesis, independent of other tolerance or repair processes. We analyzed sequences directly and avoided reporter genes or sequences not only because all changes can be detected but because the normal sequence is also identified, which allows estimates to be made of the error frequency of translesion synthesis. Oligomer containing isomer 2 of the T-T (6-4) adduct, the Dewar valence isomer (13, 14) , was produced by irradiating li-mer containing isomer 1 with =11 MJ/m2 of filtered 0. 20 (1) . We were unable to demonstrate the expected lability in any of the conditions tried. These results suggest that the T-T (6-4) adduct, at least when located in this sequence context, is much less labile than the T-C and C-C lesions and also that the yield of T-T adduct, as measured by alkaline lability, may have been substantially underestimated in previous studies (1, 7) .
Transfection Efficiencies in SOS-Induced and Uninduced
Cells. The frequency, relative to the control vector, with which vectors containing T-T (6-4) adduct were replicated was measured by transfecting SOS-induced and uninduced cells of SMH10 with equal amounts of ligation mix, using a ratio of -0.2 construct molecules per cell, and by counting the resulting plaques. Three ligation mixes were used in each experiment, one each for isomer 1, isomer 2, and the control. The ligation mixes constituted a matched set because they entailed adding a 100-fold molar excess of the appropriate il-mer to equal volumes of the same batch of annealed, gapped circular material and because under the conditions used, the efficiency with which the two ends of the il-mer were ligated into the gapped circular material was high and equal for the two modified oligomers and the control sequence. Average ligation efficiencies from three experiments, using the method described in ref. sociated with replication past the T-T (6-4) adduct in the template were determined by nucleotide sequence analysis. Analysis was done on 185 phage, each isolated from different randomly picked plaques, derived from transfection of SOSinduced cells with vector carrying isomer 1 ofthe (6-4) adduct and on 140 similarly isolated phage resulting from transfection of induced cells with vector carrying isomer 2. A region starting 25 nucleotides 3' to the 11-mer insertion site and extending 100 nucleotides 5' to this site was inspected for sequence changes. The error frequency of replication past isomer 1 of the (6-4) adduct was remarkably high (Table 2) : 169 out of the 185 phage analyzed (91%) had a changed sequence, with the change restricted in each case to the T-T target site. Equally striking, 158 out of the 169 mutants (93%) were 3' T --C transitions. In contrast, the Dewar valence isomer gave a significantly lower error frequency and specificity, but the extent of the reduction varied in the two samples studied; in sample 1, 38/55 phage (69%) were mutant and of these, 23 (61%) were 3' T -* C transitions, whereas in sample 2, 36/85 phage (42%) were mutant, and 11 of the mutants (31%) were this transition. Although the two samples were ostensibly exposed to the same fluence of sunlamp radiation, inspection of the chromatogram for absorbance at 325 nm suggests that the first sample may not have been as completely converted to isomer 2 as the second, but the very small absorbance at 325 nm was incompletely resolved from the noise. Because absorbance at this wavelength, which identifies the presence of isomer 1, is only 5% of that at 260 nm, detection of small amounts of this contaminant is diffi- Table 2 . Nucleotide sequence data from SOS-induced cells of SMH10 transfected with vectors carrying either isomer 1 (9) 3 (5) 1 (2) 3 (5) cult. It should be noted that heterogeneous sets of data were not found with isomer 1. Although it is clear that isomer 1 specifically induces 3' T C mutations at very high frequency, it is less certain that the low frequency of other mutations or of the normal sequence can be attributed to this adduct. These frequencies may, instead, be the consequence of contaminants in the preparation of adduct-containing li-mer; as can be seen in Fig. 2 , the 254-nm UV used to produce the (6-4) adduct induces a wider range of photoproducts than the acetophenone-sensitized reaction used in earlier work (3, 5) to produce cyclobutane dimers, making it difficult to reach as high a level of purity. Although not apparent in the chromatogram of the purified (6-4) 11-mer, the presence of up to .9o of such impurities was indicated in the digestion products of this species. Because the incompletely resolved peaks immediately before (peak 1) and immediately after (peak 2) the (6-4)-containing peak (Fig. 2) are the likely source of contaminants, we incorporated such material into M13mp7L1 and transfected induced cells of SMH10 with the constructs. Transfection efficiency of construct carrying peak 1 material was 20%, about the same as the (6-4) vector, but for construct carrying peak 2 material it was 30%, indicating that the relative frequency of phage resulting from these contaminants would be -35% greater than the initial level of contamination. Sequence analysis of 28 phage derived from peak 1 oligomer gave the following: 10 T-T, 1 C-T, 4 T-C [probably from contaminating (6-4) adduct]; 12 single thymine deletions; and 1 AC tandem double mutation. Sequence analysis of 16 phage derived from peak 2 material gave 12 T-T, 1 C-T, 2 T-C, and 1 single thymine deletion. Contamination of the purified il-mer carrying isomer 1 of the (6-4) adduct by small amounts of peak 1 and peak 2 material could therefore explain the presence of the T-T phage in the data for isomer 1 (Table  2) , the presence of the single thymine deletions, and possibly of the other low-frequency events also. This level of contamination is also compatible with the amount of replication in uninduced cells; in these, peak 1 vectors were replicated with 14% efficiency, and peak 2 vectors were replicated with 20%o efficiency. It is unlikely that the T-T phage resulted from contamination with lesion-free parental li-mer. Only L.9o of vector molecules carrying isomer 1 were replicated in uninduced cells, and sequence analysis of these phage showed that only 45/124 (36%) carried the T-T sequence, giving an upper limit to parental contamination of 0.7%; this result is in keeping with the value of no more than 0.5% derived from the chromatogram. In summary, the error rate associated with isomer 1 was between 91% and 100%, and 93% to 100%o of the mutations were 3' T -* C transitions. Conversion of isomer 1 to isomer 2 results in a lower error frequency and specificity. The reduction and also the broadening of the range of mutational events were too great, even in sample 1, to be attributed to contaminants, the amount of which in any case is likely to be smaller as a result of the additional purification done after the photoconversion.
In addition to these data from transfections with adductbearing constructs, nucleotide sequence was determined in 157 phage resulting from transfection with the lesion-free vector, 78 grown in SOS-induced cells, and 79 grown in uninduced cells. A further 80 phage from induced cells and 80 from uninduced cells, resulting from transfection with construct containing lesion-free li-mer that had been exposed to 11 MJ/m2 of sunlamp radiation, were also analyzed. No mutations were found in this sample of 317 control phage, showing that errors of oligonucleotide synthesis, sunlamp radiation-induced mutations, and spontaneous mutations were rare. Accumulated control data from all experiments to date (3) (4) (5) (6) show that no mutations occurred at the T-T target site in 1164 phage analyzed and that for other sites within the li-mer, there were about two mutations in 105 nucleotides analyzed. The spontaneous mutation rate in the vector was found to be -0.5 mutation per 105 nucleotides analyzed.
DISCUSSION
We have shown that isomer 1 of the T-T pyrimidinepyrimidone(6-4) adduct, the form of the lesion found in DNA irradiated with 254-nm UV, is both highly mutagenic (error frequency >91%) and highly specific with respect to the mutations induced (>93% 3' T --C transitions) in SOSinduced cells of E. coli. In contrast, isomer 2 of this adduct (the Dewar valence photoisomer), which may be formed directly in DNA exposed to solar UV (16) , induces a lower frequency and broader range of mutations. Both isomers almost entirely block replication in uninduced cells and are bypassed with modest efficiency after SOS induction (22% and 12%, respectively). The mutagenic properties of the two isomers contrast not only with each other but also with those of the cis-syn and trans-syn T-T cyclobutane dimer, placed within the same sequence context and studied with the same experimental system (3, 5) . Similarly, the properties of all four photoproducts differ from those of an abasic site located at the position of either the 5' or the 3' thymine (6).
Such observations suggest that nucleotide substitutions induced by each of these photoproducts result from misinstructive rather than noninstructive properties of the distorted template. We use the term misinstructive to indicate the existence of physical interactions between template and incoming deoxynucleoside triphosphate that include, but are not restricted to, hydrogen bonds. In addition, distortion of the template may influence base selection by altering the structure of the nucleotide-binding site in DNA polymerase in such a way that some nucleotides are excluded. With respect to isomer 1 of the T-T (6-4) adduct, however, we speculate that the high specificity and frequency of mutations it induces result from the formation of a T'G base pair, with hydrogen bonds at N-3 and 0-2 in the pyrimidone ring. Potential hydrogen bonds at these sites are coplanar in isomer 1, but not in isomer 2, perhaps explaining the loss of mutational specificity in the latter case. Physical studies will be needed to examine this possibility.
As noted above, each of the T-T photoproducts induces quantitatively and qualitatively different sets of mutations that also differ from those induced by the abasic sites, implying that a DNA polymerase-imposed bias favoring dAMP addition to the nascent chain (the A-rule; ref. 17 ) is unlikely to be a significant mechanism with these mutagenic structures. By hypothesis, the A-rule requires that the mutagenic lesion is noninstructive, which does not appear to be the case with these T-T photoproducts. It is possible, however, that the A-rule as originally conceived does not operate with abasic sites, even though adenine is clearly inserted preferentially opposite these lesions (6) . Nuclear magnetic resonance analysis of a DNA duplex containing an abasic site (18) shows that it is extrahelically located when opposite pyrimidines but intrahelical when opposite adenine. At low temperatures, it is also intrahelical when opposite guanine. These observations suggest that the preference for inserting purines, in particular adenine, may be more a property of the abasic template than of the polymerase. Whatever the case, we suggest that the widespread application of the A-rule may require critical re-evaluation.
In contrast to the high error frequency and mutational specificity induced by isomer 1 Genetics: LeClerc et al.
doing so produces 75 times more transitions, these data indicate that (6-4) adducts are likely to be responsible for most mutations of this type induced at T-T sites by 254-nm UV-at least in this sequence context. They also suggest that most of the T -+ A transversions are likely to be the result of cyclobutane dimers, although it cannot be excluded that minor, as yet poorly characterized, photoproducts also cause mutations of this kind.
We have attempted to reconstruct the observed spectra of mutations at T-T sites resulting from the irradiation of single-stranded and double-stranded DNA with 254-nm UV, to determine whether photoproducts other than dimers and adducts contribute significantly to these events ( Table 3 ). The predicted spectrum agrees fairly well with data for M13 phage single-stranded DNA, though too few 5' T --A mutations (from trans-syn dimer) and too many 3' T --A (from cis-syn dimer) were predicted. The agreement with data from lytic A phage double-stranded DNA, in which trans-syn dimers form at only very low frequency, is also fair, although the same excess and deficiency of T -* A transversions are seen. The agreement becomes increasingly bad with data from lysogenic A and from F' plasmid. This trend parallels a change in preferred type of UV-induced substitution: predominantly thymine substitutions in M13 and lytic A phage, predominantly cytosine substitutions in F' plasmid. The reasons for these trends are not known; possibly, deamination of cytosine may be more important in the latter cases, sequence context may modulate the mutation spectra, or other photoproducts may contribute to them. We also cannot explain why the predicted effect ofphotoreactivation (35% reduction in mutations) is much smaller than that usually expected (>70% reduction).
In addition to the study of these factors, examination of the properties of dimers and adducts located in the other bipyrimidine sequences will be necessary to reconstruct the full UV spectrum and resolve the question of the relative contributions of the other bipyrimidine photoproducts to UVinduced mutations. Previous studies have provided conflicting evidence on this latter issue. It has been inferred that -T  3  5  2  6  0  9  6  A-T  2  10  0  13  6  9  0  G-T  1  5  1  0  19  18  6   T-C  65  67  67  63  44  27  24   T-A  29  10  30  13  19  18  59  T-G  <1  3  <1  6  13  18  6 *Values were calculated (calc) as the product of the fraction of substitutions of a given type, the relative yield of the photoproduct, and the replication efficiency of the photoproduct, summed across all photoproducts and normalized to the total for all substitutions. Data were taken from the indicated references and Tables 1 and 2 . The relative yields of cis-syn dimer, trans-syn dimer, and (6-4) adduct (isomer 1) assumed were 10:1:1 for single-stranded DNA and 10:0:1 for double-stranded DNA. adducts are the only significant mutagenic lesion produced by UV, based on correlations between photoproduct yield and the induced frequency of lacI nonsense mutations (7). Thymine transition mutations are not detected by this system, however, and the yield of T-T adducts may have been underestimated because of their resistance to alkaline hydrolysis. Over 70% of lacd mutations can be avoided by photoreactivation, even in conditions that maintain a high level of SOS induction, suggesting that cis-syn dimers are responsible (11) . Photoreactivation experiments with A phage, studying cI mutations (24) , and with a mammalian cell shuttle vector, studying supF mutations (10), arrived at a similar conclusion. Finally, in good agreement with our present results, a study of the relative toxicity and mutagenicity of dimers and adducts in E. coli, using radioimmune assays to estimate photoproduct yield, found (9) that while dimers and adducts were equally cytotoxic, adducts were 10-100 times more mutagenic. It is not known what mutations are detected by the reversion of the his4 allele used, however; possibly it detects thymine transitions at a T-T site-that is, mutations of the same kind as those we have studied.
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